This review highlights recent development of biosensors that use the functions of membrane proteins. Membrane proteins are essential components of biological membranes and have a central role in detection of various environmental stimuli such as olfaction and gustation. A number of studies have attempted for development of biosensors using the sensing property of these membrane proteins. Their specificity to target molecules is particularly attractive as it is significantly superior to that of traditional human-made sensors. In this review, we classified the membrane protein-based biosensors into two platforms: the lipid bilayer-based platform and the cell-based platform. On lipid bilayer platforms, the membrane proteins are embedded in a lipid bilayer that bridges between the protein and a sensor device. On cell-based platforms, the membrane proteins are expressed in a cultured cell, which is then integrated in a sensor device. For both platforms we introduce the fundamental information and the recent progress in the development of the biosensors, and remark on the outlook for practical biosensing applications.
Introduction
Biological membranes are one of the essential components of living organisms, forming physical boundaries in biological cells, such as the plasma membrane and the organelle membranes. The principal components of membranes are phospholipids and membrane proteins. Phospholipids are amphiphilic molecules consisting of a hydrophilic head group and hydrophobic tails. They form a bilayer-membrane configuration in aqueous environments, which is attributed to the hydrophobic interactions of their hydrocarbon chains. Lipid bilayer membranes function as hydrophobic barriers against soluble and ionic molecules and prevent the entry of such molecules into the cytoplasm and organelles. Membrane proteins are incorporated in the lipid bilayer and allow signal transduction and transport of ligand molecules across the membrane. Because of these functions, membrane proteins account for a significant proportion of pharmaceutical drug targets [1] . The sensory systems of living organisms, which function to detect and respond to various environmental stimuli such as olfaction and gustation, heavily depend on membrane proteins. For example, in the insect olfactory system, the olfactory receptor is considered a ligand-gated ion channel [2, 3] . Binding of an odorant molecule to the ionotropic receptor directly triggers the influx of cations into the cell through the membrane; this influx stimulates the neurons. In the mammalian olfactory system, several proteins cooperate and organize the sensing mechanism. The olfactory receptor is a G-protein-coupled receptor (GPCR; GPCRs constitute a large protein family of receptors), and binding of a ligand molecule to the GPCR initiates the second-messenger cascade of olfactory transduction, and finally leads to a cation influx through the ion channel associated with the system [4] . Since these receptors act as ligand-sensing elements, numerous studies have attempted to use this sensing property of the membrane receptors for the development of biosensors. One of the attractive characteristics of biological systems is their specificity to ligands (i.e. target substances), which is considerably superior to that of traditional human-made sensors. Moreover, sensory systems often include a mechanism of input amplification that enhances the output signal-to-noise ratio. Biosensors that embed sensory systems are based on two major platforms: the lipid bilayer-based platform and the cell-based platform (figure 1).
In this review, we highlight both the fundamental information available and the recent progress in the development of membrane protein-based sensors based on these two platforms, and further discuss emerging issues with the development and application of such biosensors. For the lipid bilayer-based platform, the development of sensing methodologies is classified with their applications while the characteristics and the performance of the cell-based platform systems are described in accordance with the cell species-based classification. Finally, we briefly remark on the outlook of future studies on each platform for practical biosensing applications.
Lipid bilayer-based sensors
This section surveys recent progress on the development of biosensors based on lipid-bilayer platforms that take advantage of membrane proteins. We especially focus on applications that use electrical detection technologies (figure 1a). The membrane proteins spontaneously transduce the binding of the target molecules into electrical signals, where the lipid bilayer membrane forms a bridge between the membrane proteins and the device components. Among the various types of membrane proteins studied, biological nanopores have been extensively explored as a sensor element; this has broadened the potential application of the sensor described below. A suspended lipid bilayer (also known as a free-standing lipid bilayer) serves as an electrical separation between the cis and trans sides of aqueous electrolyte solutions on the platform. Therefore, the biological nanopore becomes the only pathway between the two aqueous phases separated by the bilayer. Diverse types of lipid bilayer platforms have been developed till date [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . An example is the double-well chip, in which a bilayer is formed between a pair of aqueous droplets in lipid-dispersed oil [5, 6] . The principle of the sensor is similar to that of a Coulter counter, that is the size and the number of analyte molecules are estimated by the blockade events occurring at the nanopore. Under an electrophoretic force, analyte molecules are transported to the nanopore and disturb the ionic current flowing through the pore. Accordingly, the fingerprint of the analyte is reflected in the time-course signature of the ionic current. Basically, the sensors are able to detect single analyte molecules without requiring of labels or tags and will have a potential for rapid, sensitive and portable applications. Here, we discuss such nanopore-based sensors, according to their application. We also briefly remark on the development of synthetic nanopores to be used as sensor elements; this is an emerging area in the development of lipid bilayer-based sensors.
Mass spectrometry of poly(ethylene glycol)
Mass spectrometry of polydisperse poly(ethylene glycol) (PEG) molecules is a comprehensible example of nanoporebased sensing systems. Kasianowicz and co-workers demonstrated that the nanopore is able to discriminate PEG molecules of different molecular weights with the resolution of the single repeating unit [17] . The system consists of a pore-forming toxin, a-haemolysin from Staphylococcus aureus (aHL nanopore) [18] , and a lipid bilayer. The aHL nanopore is composed of two parts, an extracellular vestibule and a transmembrane b-barrel (2.5 nm diameter and 5 nm length), connected by a 1.4 nm constriction of the diameter. The nanopore electrically connects the two aqueous phases (cis and trans sides), in which the conductance is determined by the nanopore dimensions and the electrolyte solution; e.g. aHL nanopore shows 1 nS in 1 M KCl solution at a neutral pH [19] . Driven by a DC electric field (trans side positive), the PEG molecules in the cis side solution block the nanopore On the lipid bilayer platform, the nanopore protein is incorporated in the lipid bilayer. Single analyte molecules are detected based on the signatures of the current trace that translates the interaction between the analytes and the nanopore. On the cell-based platforms, such as those for odorant sensing, cell responses to odorants can be determined by (b) measuring the electrical alterations of the cell using electric signal measuring systems, including ion-sensitive field effect transistor (ISFET), (c) detection of fluorescence or luminescence changes initiated by olfactory stimuli. In this case, utilized cells express G protein-coupled receptor (GPCR) or olfactory receptor (OR) with OR co-receptor (Orco). (Online version in colour.)
one after another, and suppress the open-pore current temporally and partially, depending on the molecular weight (figure 2a). The blockade signals are characterized by the conductance level and the residence time. It should be noted that PEG, a non-ionic polymer, strongly interacts with the pore lumen, which extends the dwell time of the blockade events considerably; otherwise, the events would be undetectable at the sampling resolution of the microseconds. By taking the mean conductance value of each blockade event, numerous samplings of the polydisperse PEG (25 , the number of repeat unit , 50) were clearly resolved to the mass spectrum of the different molecular sizes; a larger molecular weight resulted in a deeper blockade level. The mean residence time increased with increasing molecular weight. The signature of the blockade event considerably changes with the species of nanopores because of the difference in the interactions between the pore lumens and the analyte. The Behrends group compared the mass spectra of polydisperse PEG between the aHL nanopore and aerolysin nanopore (AeL; from Aeromonas hydrophila) (figure 2b) [20] . Unlike the mushroom-like aHL pore, the AeL nanopore does not possess a vestibule region and forms a rivet-like pore. The transmembrane part is composed of a heptameric b-barrel with a diameter of approximately 1-1.6 nm, similar to that of the aHL pore [21, 22] . Despite the similarity in the pore dimension, the mass spectrum of PEG was obtained only when the trans side voltage was negative, which has an opposite polarity to that of aHL. Moreover, the dwell time was less dependent on the PEG molecular weight for AeL than it was for aHL. The results indicate that there were significantly different interactions between the respective pores and PEG. In the AeL pore lumen, 91 charged residues (seven positive and six negative per monomer) form positive and negative rings collaterally [23, 24] , and this specific charge layout was considered to raise the differences. Although further experimental and theoretical studies are required, this finding implies that the sensor characteristics such as sensitivity and specificity to the analytes could be controlled by coordinating the geometry and electrostatic properties of the pore.
Nucleic acid sequencing
Nucleic acid analysis is a representative application of lipid bilayer-based sensors using a biological nanopore. The DNA rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20170952 sequencing technology using the nanopore was developed by the interaction between the pore lumen and the nucleobases on target DNA. Because they interact differently with the pore lumen, the four nucleobases theoretically show different conductance levels in the blocking current [25, 26] (figure 3a). Therefore, it is expected that information of the DNA sequence appears in the time-course of the blocking current when singlestranded DNA (ssDNA) translocates through the nanopore. In principle, labelling or amplification of DNA is unnecessary for nanopore-based sequencing technology. Practically, however, two challenging issues have been addressed and investigated in numerous studies. The first issue was the short dwell time, estimated as 1-10 ms for each nucleobase. Considering the electrical current noises, it is not realistic to rigorously discriminate between the minute conductance differences caused by single nucleobases in such a short period of time. To extend the dwell time, an enzyme was additionally incorporated into the platform (figure 3b). The enzyme, polymerase or helicase, was coupled to the cis side of the nanopore and played a role of the DNA delivery to the pore from one nucleobase to the next. The DNA translocation was delayed in the range of a few tens of milliseconds per base, which would allow enough data points to each nucleobase for determination of the mean conductance level. The second problem was the pore length where the nucleobases could interact. Since the interaction determines the blocking current level, the pore structure critically affects the sequencing quality. For the aHL pore, approximately 12 nucleobases are considered to interact with the lumen at the b-barrel, indicating that the target current signal from the single base will be buried by the influences of the other bases. As noted above, the geometry and charge distribution of the pore lumen strongly affects the feature of the lumen-nucleobase interaction. Accordingly, the amino acids on the b-barrel of aHL were carefully engineered one after another to maximize the signal-to-noise ratio [28, 29] . The selection of a pore with favourable geometry was an alternative solution for this issue. A mutated form of Mycobacterium smegmatis porin A (MspA) forms a funnel-like nanopore, in which a strong interaction with DNA only occurs at the short constriction with a length of 0.6 nm. Note that aHL consists of a 5 nm long b-barrel. The Gundlach group reported that the MspA nanopore was able to improve the discrimination of the four nucleobases by the blocking current signals [30, 31] , and successfully demonstrated the sequencing of a bacteriophage phi X 174 genome (4.5 kb) using the MspA pore coupled with a polymerase (figure 3b) [27] . The Church group took a unique approach, using four species of tagged nucleotides in addition to the aHL nanopore and a coupled polymerase. The polymerase synthesizes a complementary DNA strand of the target DNA by using the tagged nucleotides. As growing the DNA, the tagged nucleotide binds with the polymerase while the tag composed of a specific oligonucleotide is captured in the pore, released by the reaction, and generates the nucleotide specific blocking signal. This research group developed the system on a complementary metal oxide semiconductor (CMOS) chip and demonstrated 264 parallel measurements [32, 33] . The commercial device, MinION, released by Oxford Nanopore Technologies has promoted Blocking levels (pink line) were estimated from a raw current trace (grey line, ii, top), and the levels of the pink line were compared with the predicted levels from the reference sequence (black line, ii, bottom). Mismatches (skipped or multiple-read levels) were found in some parts. Reproduced with permission from Laszlo
rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20170952
and expanded the advancement of sequencing technologies. Further details of the history and progress of nanopore-based DNA sequencing can be found in recent reviews [34] [35] [36] .
MicroRNA diagnosis
Biological nanopores have also been used to detect specific sequences on nucleic acid samples. An example of the application is for liquid biopsy of circulating microRNA (miRNAs; short, non-protein coding RNA composed of approximately 20-30 nucleotides). Mature miRNAs in the cytoplasm are relevant to the regulation of gene expression at the posttranscriptional level [37] , and distinct patterns of abnormal miRNA expression have been found in various diseases including tumours [38] . Numbers of miRNA detection methods that use a wide range of analytical technologies have emerged [39] . Nanopore-based sensing systems use complementary sequences of nucleic acids as probes for the detection of target miRNAs. The aHL nanopore of 1.4 nm diameter is adequate for the translocation of single-stranded nucleic acids but undersized for double-stranded forms, thus generating a specific signature of the blocking current in the presence or absence of target miRNA.
One of the most critical and challenging tasks for circulating miRNA detection is ensuring the sensitivity of the sensor because the concentrations of the miRNAs could be as low as a femtomolar. The Gu group proposed a sensitive system using an engineered aHL pore and DNA probe (figure 4a) [40] . The probe consisted of a complementary oligonucleotide with extensions of poly(dC) 30 at both ends, which enabled the nanopore to trap the probe. The trapping and unzipping of a miRNA-probe hybrid in the pore provided the three-step signature of the blocking current, which corresponded to the trapping and translocation of the probe, the partial blocking with the unzipped miRNA at the vestibule, and the translocation of the miRNA. A concentration gradient or a pH gradient was applied between the cis and trans side of the KCl electrolyte solution to enhance the frequency of the translocation events [42] [43] [44] [45] . While the frequency of the miRNA-probe translocation is proportional to the miRNA concentration, a sufficient number of events (e.g. a few hundred) is required for the quantitative estimation even at a very low miRNA concentration. By using the 0.2 M/3 M (cis/trans) condition, Gu et al. reduced the limit of detection to sub-picomolar concentrations [40] . The de Planque Group further examined the frequency and the dwell time of the translocation event under asymmetric conditions of both electrolyte species and concentrations [46] . In the presence of a KCl gradient of 0.5 M/4 M (cis/trans), the event frequency increased by approximately 60-fold compared to that with the symmetric 1 M KCl, because the electrophoretic force close to the pore was larger. The dwell time was moderately extended by replacing the symmetric KCl with LiCl/KCl (cis/trans), allowing the identification of the blocking current signature. Kang and colleagues showed the potential usefulness of tetramethylammonium chloride (TMA-Cl) instead of KCl, which enhanced the event frequency and prolonged the dwell time simultaneously [47] . Anions may also affect the characteristics of the translocations as reported by Bezrukov and colleagues [48] . The behaviour of channel-forming peptide gramicidin A (gA) in a lipid bilayer showed a good correlation with the anion position in the Hofmeister series. The open-channel conductivity increased twofold in the order of the ranking from kosmotropic to chaotropic anions, and the dissociation kinetics of the gA channel was similarly delayed 20-fold, where the anions were considered to interact with the lipid bilayer as well as the gA channel. As mentioned above, the nanoporesensing method uses stochastic single-molecule capturing at the pore. For the quantification of the analyte concentration, accumulation of the sensing events is necessary, i.e. the method relies on a series of stochastic phenomena. Accordingly, the quantification becomes extremely difficult at ultra-low concentrations such as femtomolar. To overcome the limitation, Kawano and colleagues combined the nanopore system with a 1 h isothermal amplification technique to enhance the input signal with the aid of a biological technique and demonstrated the detection of 1 fM miRNA [49] .
In addition to the sensitivity, specificity to a target miRNA is mandatory for miRNA diagnosis in the presence of miscellaneous nucleic acids in a biopsy sample. The Gu group designed a peptide nucleic acid (PNA) with extension of a polycationic peptide at the N-terminus as a probe (figure 4b) [41] . Upon hybridization, the miRNA-PNA probe formed a dipole complex (positive and negative charges at each side). The sample and probe were infused at the trans side of the aqueous solution, and a DC electric field was applied as the cis side negative. The electrophoretic force allowed only the miRNAprobe hybrid to move toward the pore and the other nucleic acids were repelled from the pore. Because PNA-RNA hybrids are energetically more stable than DNA-RNA hybrids, a single mismatch of a PNA-RNA presents a larger energy loss than that of a DNA-RNA [50] . This large destabilization allowed the detection of the single mismatch on the PNA-RNA hybrid by the current signals and, thus, enabled the discrimination of single nucleotide-difference from the target miRNA. For the discrimination of the single nucleotide mismatch, Wang and colleagues used a locked nucleic acid (LNA) probe [51] , which is a nucleic acid analogue bridging between 2 0 oxygen and 4 0 carbon that significantly stabilizes the hybridization. Similar to the PNA-RNA, the LNA probe was able to discriminate a single nucleotide difference on a miRNA from the differences of the blocking dwell times. It is worth digressing briefly to state that the White group reported the identification and discrimination of mismatched base pairs and epigenetic modifications on DNA [52, 53] . They used latch constriction in the vestibule of the aHL nanopore. The mismatch and epigenetic modifications caused different signatures on the time-course of the blocking current: two or three conductance levels with specific transition kinetics due to the interactions of the nucleotide with the residues at the constriction. The work indicates a lack of understanding of the behaviour of nucleic acids in the nanopore and the potential for discovery and development of nanopore technologies.
For the practical use, a pattern of multiple miRNAs must be quantified for the accurate diagnosis of a disease. Multiplex miRNA detection was demonstrated using a PEG-tagged DNA probe [54] . Each probe consisted of a complementary part and a 3 0 -poly(dC) 30 extension where a specific length of PEG (0 to 24 mer) was covalently linked as a side branch using click chemistry. The PEG tags additionally suppressed the blocking current during the translocation of the probe, depending on the PEG length, allowing the discriminations of multiple miRNAs based on the depth of the current level. They demonstrated that the concentration of the target miRNA was proportional to the event frequency and unaffected by the coexisting miRNA-probe hybrids [54] .
Chemical and biomolecular sensing
Biological nanopores have also been used as sensors for organic compounds and biomolecules including peptides and proteins [55] [56] [57] [58] [59] [60] . Thus, diverse applications are expected in the field of medicine, food production, cosmetics, agriculture and farming, and environmental concerns, as well as safety and security.
The technologies presented above show the future potential for the identification of epigenetic modification or single nucleotide polymorphism on DNA using the nanopore-nucleic acid interaction [52, 53, 61, 62] . In addition, the nanopore coupled with a complementary DNA would facilitate the early detection of pathogenic DNA, shown in the detection of the anthrax-related DNA of Bacillus anthracis [63] . Not only nucleic acids, but short peptides are also able to translocate through the nanopores, in which the fingerprints of the peptides are reflected in the blocking current signatures as a result of the interaction with the pore. For example, the form of amyloid beta (Ab42; involved in Alzheimer's disease) was distinguished using the aHL pore [64] . Since Ab plaques are found in the brains of Alzheimer patients, the aggregation process of the Ab peptides was monitored in real time by analysing the frequency and conductance levels of the blocking events. Moreover, a botulinum neurotoxin (BoNT; the most acutely lethal toxin known, which causes botulism) sensor was developed by detecting a peptide digested by the toxin's enzymatic activity (figure 5a) [65] . The system consisted of the AeL nanopore and the synaptic protein as the probe, which is the substrate of the digestion. The presence of the BoNT type B cleaved the probe protein and produced a short (ii) Figure 4 . (a) Detection of miRNA using a complementary DNA probe with a nanopore. Schematic of miRNA bound to the probe (i). Translocation of the miRNAprobe hybrid through the nanopore generated the three-step signature on the blocking current (ii,iii). The numbers in a2 indicate the levels in a3. The concentration of miRNA was quantified using the frequency of the three-step signatures appeared (iv). Reproduced with permission from Wang et al. rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20170952 peptide, which was detected by the current signals. Alternatively, the pore was insensitive to the proteins and serum components contained in the samples. Sub-nanomolar concentrations of the BoNT type B were reportedly identified in the order of minutes by the system. To deal with diverse molecular targets, engineered nanopores and supplementary molecules have been introduced. The Bayley group discovered a strong interaction between nitroaromatic molecules and a ring of aromatic amino acids located near the constriction in a mutant aHL pore [69] . The aromatic-aromatic interaction in the pore exhibited a long dwell time on the blocking current signature for the nitroaromatics, including 2,4,6-trinitrotoluene (TNT) and, thus, is considered a useful sensor element for explosives in industrial and military use. Similarly, nitrogen mustards, known as chemical warfare agents, were detected using an engineered aHL nanopore [70] . In this case, a cysteine residue was introduced near the constriction of the aHL pore. The thiol group of the cysteine residue covalently reacted with the chloroethyl group of the mustards under basic conditions, generating a stepwise blocking signal depending on the number of captured mustards at the pore. As a supplementary molecule, b-cyclodextrin (bCD) was initially used to support the function of the nanopores. Because of its size, bCD temporarily lodges into the aHL nanopore from the trans side and becomes a hydrophobic cavity for various small organic molecules (Mw 300) [71] . Similar to the relationship between the nanopore and analytes, the interaction between the bCD cavity and the organic molecule determines the signature of the blocking current. The reactivity of bCD can be adjusted by chemical modification of the cavity of bCD, which expands the sensing specificity as well as the range of the analyte [72] .
Alternative supplementary molecules used are aptamers consisting of short, single-stranded oligonucleotides or peptides. Because of the designed sequences, aptamers bind to various molecules with high specificity and affinity, called chemical antibodies [73] . The Takeuchi group introduced a pair of DNA aptamers as a probe that binds to a cocaine molecule for the rapid detection of illegal drugs (figure 5b) [66] . Since the aptamers were designed to be unfolded in the absence of cocaine, spike-like blocking signals were observed under a DC electric field (cis side negative) due to the translocations of the aptamers. In the presence of cocaine, the aptamer formed a cocaine-aptamer complex that clogged the aHL pore and generated a deep blocking signal that lasted until the DC field was turned off. The system was able to detect 300 ng ml 21 of cocaine (the cut-off value for drug tests) within 60 s, and distinguished cocaine from aminobenztropine (a cocaine analogue), facilitated by the affinity and specificity of the aptamer. For quantitative assays, a reporter DNA, which was partly complementary to the aptamer, was additionally incorporated into the system [74] . The aptamer was pre-hybridized with the reporter DNA, while the hybrid was unwound by the presence of the target molecules and displaced to the target-aptamer complex and the released reporter. In this system, the translocation events were attributed to the reporter DNA; thus, the event frequency was proportional to the concentration of the target molecules. Wu et al. further integrated a magnetic-bead technique to eliminate the interference of the target-aptamer complex and succeeded in detecting vascular endothelial growth factor (VEGF) at a picomolar order. Using a similar aptamer-reporter system, Li and colleagues performed cocaine detection in human saliva and serum (figure 5c) [67] . Surprisingly, the event frequencies (i.e. the concentration of cocaine) in the biological fluids were almost consistent with that in an aqueous buffer where 50 nM cocaine was detected in 15 min, which demonstrated the potential of this sensor for practical use. In attempts to further expand the versatility of nanopore sensors, Fujii et al. developed a gas absorption system on their lipid-bilayer platform for detection of volatile organic compounds (VOCs) (figure 5d) [68] . VOCs, such as odour molecules, include both natural and synthetic chemicals that strongly affect both humans and the environments and, thus, constitute a large proportion of analyte candidates for sensors. An agarose hydrogel, a mucus-membrane mimic, was introduced for effective VOC absorption by direct exposure to the air. The absorbed VOC was bound to the aptamer, and the electrophoretic force transferred the VOC-aptamer complex to the nanopore on a planar lipid bilayer. Pesticide vapour was chosen as a VOC sample, and the signature of the nanopore blocking current was outlined in the presence of the pesticide-aptamer complex. The developed system was able to detect 100 ppb of pesticide in a few minutes after a 10 min exposure of the hydrogel to the pesticide vapour [68] . The feasibility of detecting VOC samples, in addition to the liquid form, would expand the application field of nanopore sensing to other uses such as for fragrances in food products and cosmetics, aerial environmental pollutants, explosives in safety/ security and biomarkers in healthcare.
We introduced a few chemical sensors using bCD and aptamers. In the sensing mechanism, these supplementary molecules supported or substituted the recognition role of target analytes with the desired specificity and affinity. Consequently, the sensors are now suitable for use with diverse analytes although the pore lumen does not interact with the analytes. Note that the interaction between the pore lumen and the analyte was the critical factor in the development of mass spectrometry and nucleic acid sequencing. Accordingly, synthetic pores have been reported in recent studies to overcome the limited variations of the pores based on the pore-forming toxins. A peptide nanopore, gA, was partially modified as a semi-synthetic pore, and it revealed the significant influence of the C-and N-termini on the pore properties [75] [76] [77] . Using the DNA origami technology, DNA was assembled into sophisticated nanopores with a gating mechanism, functionally resembling ligand-gated ion channels [78] [79] [80] [81] . A fully designed metal-organic polyhedral pore or amphiphilic molecules were recently incorporated in a lipid bilayer, and those pore properties were characterized [82] [83] [84] [85] . The carbon nanotube (CNT) is another candidate of designed nanopores [86, 87] . For larger size analytes such as proteins, Mayer and colleagues developed a solid-state nanopore with a size of few tens of a nanometre, coated with a lipid bilayer on its surface [88] . The analyte proteins were tagged to the lipid bilayer, delivered to the pore, and their shapes and volumes were characterized [89] . We consider that these highlighted studies on various materials would lead to tailor-made nanopores for a broad range of sensing targets. 
Cell-based sensors

Olfactory sensory neuron or olfactory receptor neuron
Olfactory sensory neurons (OSNs) or olfactory receptor neurons (ORNs) are superficial nerve cells that transfer odorant stimuli to the brain. OSNs express olfactory receptors on the cilia or dendrites, which are close to ambient air in the smellrelated organs of organisms [99, 100] . The surface of nerve cells contacts odorant molecules through the nasal mucosa or sensillum lymph. As cell-based odorant sensors, OSNs are mostly used in native cells immersed in culture medium that mimics the living system. The application of physiological tissues, including olfactory epithelium, in odorant sensors has been actively studied [101] [102] [103] [104] [105] [106] . In terms of cell-based sensors, odorant sensing based on isolated OSNs are presented in this section. The principles of odorant sensing using the responses of OSNs to odorant stimuli can be classified into two groups.
One is based on a fluorescent detection method using Ca 2þ indicators expressed in OSNs, and the other is based on electrical measurements of extracellular membrane potential changes in native OSNs. As detectors, the fluorescent-based method requires a fluorescence measurement system such as fluorometric imaging plate reader, whereas the latter method is exemplified by an electroantennogram (EAG) that directly detects the action potential of OSNs in vivo, and cultivation of OSNs on a metal oxide semiconductor have been reported as described below. Using a fluorescent indicator for Ca 2þ in OSNs, four different fruity/floral smells (vanilla, rose, berry and banana) were simultaneously distinguished using the responses of approximately 3000 OSNs isolated from a mouse [96] . The approach was based on the fluorescent analysis of numerous of OSNs, which were arrayed in a microfluidic chamber. Instead of native OSNs, the use of odorant sensors produced by coexpressing insect pheromone receptors and fluorescent indicator for Ca 2þ in dissociated neural rat cultures have also been reported [107] . This genetically modified system has advantages of easy functional expression of olfactory receptors, prolonged lifetime, and amplification of the weak ionic currents of olfactory receptors. The application of EAG to the antennae of the blowfly (Calliphora vicina) revealed that OSNs in insect antennae are specifically sensitive to 1,4-diaminobutane, hexanol-1, and butanoic acid [108] . The EAG results also implied that a higher amount of odorant substances saturated the corresponding OSN response. Based on this sensing system, the same research group developed odorant biosensors using other insects, mosquitoes (Aedes comunis), pine weevils (Hylobius abietis) and trogossitid beetle (Trogossita japonica) [109] . In addition, two typical explosives, cyclotrimethylenetrinitramine (RDX) and TNT, were also detected using the EAG system of the rat olfactory mucosa [110] . The use of a microelectrode array (MEA) integrated with a gas intake apparatus to detect the response of cultured OSNs responses on a chip was reported [111] . In that system, limonene and isoamyl acetate odorants were tested, and the firing spikes of the OSNs were investigated by sorting the different spikes from some neuron recordings. A light-addressable potentiometric sensor (LAPS) is applicable for monitoring the extracellular potential changes in OSNs [112, 113] . In the LAPS device, OSNs can be cultured on the surface of sensor chips for one week. CMOS can also be used for the detection of action potentials from OSNs cultured on a CMOS chip integrated to a perfusion system [114] . Since MEA, LAPS and CMOS technologies are physically non-invasive measurement systems for cells, they appear to be suitable for prolonged culturing of OSNs.
Human embryonic kidney cell
Human embryonic kidney (HEK) cells are frequently used for foreign gene expression owing to their high transformation efficiency [115] [116] [117] . Some studies have constructed expression system consisting of olfactory receptors in HEK cells and used them for odorant sensing. For the detection of the responses of HEK cells to odorants, surface plasmon resonance (SPR), quartz crystal microbalance (QCM), a fluorescent detection method, and some electrical measurement techniques have been used as transducers of the odorant sensors.
An odorant sensor for octanol detection using QCM and HEK cells expressing the rat olfactory receptor, ORI7, has been reported [118] . Using the ORI7 expressing cell line, the same research group showed that the transformed HEK cells could be used for odorant sensing in combination with several other transducers or detection methods. They used an intracellular Ca 2þ sensing molecule (yellow cameleon-2), planer microelectrodes, SPR, and cAMP response element reporter assay [119] [120] [121] . In addition, the transformed HEK cells were used to demonstrate SPR-based real-time monitoring of five different odorants (heptanal, octanal, nonanal, decanal and helional) [122] . Furthermore, four different kinds of human olfactory receptors, hOR3A1, hOR1A1, hOR1D2 and hOR1G1, are available for odorant detection using HEK cells [123] . The HEK cells expressing each hOR were cultured in microwells constructed of polyethylene glycol diacrylate, and the cells responses to odorants were investigated using fluorescent observation. Instead of a fluorescent detection method, an extracellular field potential recording is also useful for monitoring of cells responses to several chemical stimuli. Spheroids of HEK cells expressing insect olfactory receptors (GPROR2 from Anopheles gambiae and Or47a from Drosophila melanogaster) were demonstrated for the detection of chemical vapours (2-methylphenol and pentyl acetate) based on electrophysiological measurements [97] . As shown in figure 6 , the HEK spheroids were arrayed in an agarose gel microchamber, and a probe electrode rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20170952 was inserted into the intercellular space of the spheroid. Owing to the hydrogel chamber, the system maintained the wet conditions and formed a thin water layer on the surface of spheroids. Consequently, the spheroids were close to the airwater interface, and gas phase odorants could easily access the olfactory receptors from the ambient air.
Saccharomyces cerevisiae (yeast)
Similar to HEK cells, yeasts are also commonly used eukaryotic cells for expressing several proteins [124, 125] . In particular, Saccharomyces cerevisiae is a representative budding yeast used for forced protein expression [126, 127] . This cell strain has been widely used as a model eukaryotic cell in biology and, thus, genetic engineering techniques for yeast have been developed. However, the application of engineered yeast in odorant sensors is much less common presently.
As odorant sensors, the detection methods for the responses of yeast to odorant stimuli are mainly based on fluorescent detection methods. Specifically, responses of the rat ORI7 or OR17-40 expressed in S. cerevisiae to heptanal, octanal, nonanal and helional were studied using a G a subunit-related luciferase luminescence assay [128, 129] . Using more elaborate inheritable genetic modification, unnatural olfactory receptors could be expressed in S. cerevisiae [130] . They were produced by modifying the ligand-binding site of the rat ORI7. In the study, several odorants (octanol, octanal, heptanal, hexanal, isoproterenol, vanillin, citronellal and 2,4-dinitrotoluene) were tested, and the odorant responses were investigated using a Ca 2þ -related fluorescent detection system with green fluorescent protein ( figure 7) . In recent years, to improve the sensitivity of olfactory receptors expressed in S. cerevisiae, the coexpression of odorantbinding and receptor-transporting proteins were studied [131] . Such accessory proteins coexpressed with olfactory receptors Figure 6 . Insect olfactory receptor (OR) and OR co-receptor (Orco) were expressed in human embryonic kidney (HEK) cells that subsequently formed spheroids in polydimethylsiloxane (PDMS) chambers; the spheroids were finally placed into a hydrogel microchamber maintaining the desired moisture conditions. The extracellular field potential of the HEK spheroid was recorded using an amplifier. In this system, the blowing of vapour phase odorants was performed using an rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20170952 appear to affect cell-based odorant detection. In the case of electrical measurements, it is was reported that some S. cerevisiae expressing human OR17-40 were immobilized on the microelectrodes, and the responses to helional were detected through conductance changes [132] . Yeast cells were immobilized on gold electrodes by electrostatic binding between the cells and poly-lysine-coated electrode surfaces.
In applications of cells expressing olfactory receptors for odorant sensing, the vertebrate olfaction system was mostly used in S. cerevisiae cells similar to that in HEK cells. Compared with invertebrates, vertebrates have numerous molecules or substances for intracellular olfactory signal transduction [133] [134] [135] . Therefore, the olfactory system of vertebrates offers more choices for intracellular factors for odorant monitoring than that of invertebrates. In contrast, the constructions of vertebrate olfactory systems using host cells is a comparatively laborious process. Insect olfaction, which is a simpler system than that of vertebrates, is currently attracting considerable attention for use as odorant sensors. In the next section, several research studies using insect olfactory receptors for cell-based odorant sensing are highlighted.
Spodoptera frugiperda cell
The Spodoptera frugiperda (Sf) cell, one of the cultured insect cells, is derived from the pupal ovarian cells of the noctuid moth, S. frugiperda. It is generally noted that Sf21 cells and the substrain Sf9 cells are frequently used for biological experiments [136] . For cell engineering, Sf cells especially have excellent properties of (i) stable integration with heterologous protein genes into genomes and (ii) can be cultured at room temperature without CO 2 gas. Thus, Sf cells are suitable for use in odorant sensing with cellular expression of olfactory receptors.
Sf21 cells expressing the silkmoth, Bombyx mori, pheromone receptor (BmOR1 and BmOR3 that are sensitive to bombykol and bombykal, respectively), with Ca 2þ indicator protein (GCaMP), were demonstrated as an odorant sensor [137] . The Sf21 cells were introduced into a transparent microfluidic channel device and immobilized in the fluidic channel. Consequently, the fluorescent intensity changes caused by the cell responses to the pheromones could be observed using fluorescent microscopy. Although there was individual cellular variability in the responses to target pheromones, this drawback was resolved by using the region of interest in acquired fluorescent images. In this study, long-term freeze preservation of the Sf21 cells was tested, and the cells maintained their responsiveness to target ligands after two months. The long lifespan of this cellular system demonstrates a breakthrough for cell-based odorant sensing technology. Using the same Sf21 cells mentioned above, this research group also produced other olfactory receptors (Or13a and Or56a derived from Drosophila melanogaster) and demonstrated the detection of four kinds of chemicals (bombykol, bombykal, octenol and geosmin) [98] . They regionally immobilized each Sf21 cell group expressing each receptor to four regions on a modified glass substrate and measured the cell responses by fluorescent observation of GCaMP6s in a single visual field ( figure 8 ). This approach showed odorant-specific response patterns to both odorant mixtures and single odorant stimuli. The expandability of this multiple odorant sensing based on a two-dimensional pattern of cell groups depends on a resolution of the patterning and, therefore, the strategy would be difficult with an enormous number of olfactory receptor types.
To achieve the high-density integration of detection elements for cells expressing diverse olfactory receptors, the application of field effect transistor (FET) to Sf21 cells was recently proposed [138] . The transfected Sf21 cells expressing BmOR3 or Or13a receptors were successfully seeded sparsely on an aluminium extended-gate electrode of the FET. Changes in the drain current implied that the odour-sensitive FET responded specifically the correspondent odorants. In this system, since no fluorometric detection system and invasive electrodes for cells are not required, this electrical measurement approach is expected to be a prospective cell-based integrated odorant sensor for long-term use.
In the construction of expression systems to obtain olfactory receptors using cultured cells, insect olfaction systems are emerging as important cell-based odorant sensing. Concerning expression systems of insect olfactory receptors, other host cells of a different species have also been used in cellular electrophysiology.
Xenopus laevis oocyte
Oocytes of the African clawed frog (Xenopus laevis) have been frequently used as expression cells for numerous years in the functional analysis of membrane proteins including several olfactory receptors [139] [140] [141] . In contrast to generally cultivated cells, Xenopus oocytes are immature egg cells, and they are surgically harvested from the ovaries of living X. laevis to obtain the cells in each case. Xenopus oocytes are very large with single cells that are approximately 1 mm in diameter. Hence, they are easy to handle for gene injections and electrical measurements using glass capillaries. Xenopus oocytes have recently been tested for use as a chemical sensor element and not only as an analysis object in electrophysiological studies. For the application of Xenopus oocytes as chemical sensors, footprint downsizing of the measurement system has been attempted. The two-electrode voltage clamping (TEVC) system is usually used to measure the membrane potential changes in Xenopus oocytes [142] . By downsizing this TEVC system and combining it with a fluidic channel, a compact fluidic device integrated with glass capillary electrodes was suggested as an odorant sensor using Xenopus oocyte expressing olfactory receptors [143] . In the suggested device, two oocytes expressing the receptor (BmOR1 or BmOR3) were serially arrayed in the fluidic channel, and the system identified the pheromones of bombykol or bombykal even in a mixture. Furthermore, it is notable that this cell-based sensor device could be mounted on a robotic system, and the robot motion synchronized the responses of Xenopus oocytes to an odorant stimulus. In this system, the insertion of electrodes into the oocyte shorten the lifespan of the sensor device, which is a limitation.
Other recent research studies have indicated that ion-sensitive FET (ISFET) could be useful for the detection of proton diffusion caused by some membrane transport proteins expressed in Xenopus oocytes [144] . The system based on ISFET is sensitive to decreases or increases in the concentration of hydrogen ions on the sensor surface. A stable contact between the cell surface and ion-sensitive membrane of the ISFET is required and, therefore, the Xenopus oocyte is pressed against the sensor surface by controlled pneumatic pressure ( figure 9 ). The demonstrated membrane proteins were not olfactory receptors, and the system is a detecting device for membrane potential changes of a cell rather than a cell-based chemical sensor. However, this system is potentially useful as an odorant sensor using Xenopus oocytes expressing olfactory receptors because of its compact system and non-invasive cellular approach.
Xenopus oocytes have a uniform spherical shape in contrast to the general diversiform of cultivated cells. Therefore, bead array techniques [145] used in microfluidics are applicable to arranging a number of Xenopus oocytes and, thus, numerous oocytes would be useful for odorant sensor devices. One drawback of this system is that individual oocytes require transformation with each preparation.
Outlook
On the lipid-bilayer-based platforms, the sensor elements developed to date are composed of single nanopores, with supplementary molecules in some cases. The principle of the sensor relies on the stochastic detection of analytes or probes by the pore; thus, it is challenging to use this platform for the quantitative detection of analytes at low concentrations [146, 147] . On the other hand, it is advantageous that reproducible output signals with the same sensitivity and specificity can be expected between the individual assays since the sensor elements are consistently assembled in molecular level. Together with the development of synthetic nanopores, we consider that the comprehensive design of the lipid-bilayer platform is indispensable for biosensing applications [148] , including the method of lipid bilayer formation, device configurations, electronics and software. Although numbers of the methods and devices have been reported, further development and improvement are required, especially for sensing devices such as usability, stability and portability [149] [150] [151] [152] [153] [154] [155] . Moreover, the integration of sensor elements on a single platform would allow performance of multiplex assays for detection of multiple target analytes and facilitate quantitative analyses [156] [157] [158] [159] [160] [161] .
In cell-based chemical sensors, there are differences in cellular responses to chemicals due to variations in protein expression level caused by cell cycle and individual cell variability. Therefore, it may be difficult to obtain quantitative and reproducible detection of target substances using single cell responses. For biosensors that use cells as senor elements, irrespective of whether a single cell or a population of cells is used, microchambers and microfluidic devices are the commonly used biosensing devices. For Sf cells, some studies indicate that cellular responses to chemicals depend on the size of the culture space [162, 163] . Thus, adequate cell arrangements would be required according to the applications. Practically, it is difficult to secure a constant space for cell growth because of their proliferation. Therefore, it is possible that cell-based sensors have an expiration date. In these respects, cell-based sensors are limited for use comparing with conventional inorganic material-based sensors.
For the detection of fluorescence from multiple cells that express different olfactory receptors, regionally selective placement of cells is principally used presently. The density of the cell arrangement pattern is expected to increase depending on the number of olfactory receptors. According to the high integration of cell patterning, increasing the imaging area and functional advancement of photodetectors would be required. In the system based on the electrical measurements of cells, transducers such as FET are suitable for integration. On the one hand, in the system based on measurements of cell membrane potential changes, multiplexing amplifiers are inevitable. Except for studies using spheroidal HEK cells [97] , most research studies of cell-based odorant sensors presented here used detergent-solubilized odorous substances and not gaseous odorants as target samples. For the direct detection of airborne molecules from the atmosphere, there are few recent reports of the use of odorant-binding proteins [164, 165] . In addition, to form the air-liquid interface near the cell surface, some studies suggest the use of collagen to encapsulate HEK cells and corneal epithelial cells as the host cells for expressing olfactory receptors [166, 167] . In the future, the development of efficient odorant solubilization systems that are benign for cells and olfactory receptors would be needed.
Membrane proteins are attractive materials for the development of biomimetic sensors, especially because of their specificity to the target substances. As reported in this review, numbers of works have proved the specificity that discriminated minor difference of molecular configurations, which could be difficult for traditional sensors. The mechanical robustness and lifetime of these sensors are particularly the challenging issues to be solved for practical applications, while the long-term storage could be possible by refrigeration. Although the variations of the membrane proteins reported so far are still limited, we expect that further studies would explore and discover the proteins available for versatile sensing applications.
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